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Abstract—A reverberation chamber can be used to measure the 
total scattering cross section (TSCS) of an object, in which the 
time domain response needs to be analyzed to extract the 
scattering damping time. It has been observed in measurements 
that the noise level in extracting the scattering damping time is 
much higher than that in extracting the chamber decay time. The 
reasons behind this phenomenon are explored in this letter. 
Analytical distributions of the noise in TSCS measurements are 
derived and validated by measurements. Good agreements 
between analytical results and measurement results have been 
obtained, which gives guidelines on the prediction of noise level 
and the required independent sample number in the total 
scattering cross section measurement. 
 
Index Terms—total scattering cross section measurement, 
reverberation chamber, scattering damping time. 
 
I. INTRODUCTION 
EVERBERATION chambers (RCs) are electrically large 
high-Q (reflective) cavities which have been widely used 
in electromagnetic compatibility (EMC) test [1], channel 
emulations [2-4], antenna measurements [5, 6] and material 
characterizations [7-13]. For the material characterizations, an 
RC can be used to measure the shielding effectiveness [7], 
dielectric properties [8], the absorption cross section (ACS) 
[9-11] and the total scattering cross section (TSCS) [12-16] of 
an object. These applications extend the use of RCs from EMC 
test to material measurements greatly. 
An interesting phenomenon can be observed in the TSCS 
measurements: the noise level in TSCS measurement is much 
higher than that in the power delay profile (PDP) measurement. 
It seems that the noise levels are different for different 
measurement scenarios [15, 16], and no discussion has focused 
on it. Because the noise level could affect the measurement 
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range of TSCS and has not been quantified yet, it is necessary 
to explore the insights behind the phenomenon and model the 
statistical behavior of it. 
In this letter, Section II reviews the TSCS measurement 
procedure and focus on the noise level in the time domain 
response, Section III presents the analytical modeling of the 
statistical behavior of the noise, and compares the analytical 
results with the measurement results. Finally, discussion and 
conclusions are given in Section IV.  
II. TSCS MEASUREMENT SETUP 
Figure 1 illustrates the equivalent TSCS measurement 
scenario of a stirrer. ‘Equivalent’ means the stirrer is not freely 
moved but is restricted (rotating around an axis), thus the 
measured TSCS is an equivalent TSCS [15]. The vector 
network analyzer (VNA) and the motor controller are 
controlled by the computer. Broadband antennas (Ant 1 and 
Ant 2) are connected to port 1 and port 2 of the VNA 
respectively. The stirrers are controlled to rotate in a step-wise 
mode, i.e. when the rotation of a stirrer is complete; 
S-parameters are recorded by the computer. A measurement 
workflow is given in Fig. 2(a). Suppose the equivalent TSCS of 
the horizontal (H-) stirrer is measured, we have to rotate (or 
move) the H-stirrer for a number of positions (N positions in 
Fig. 2(a)) and average the time domain response. To increase 
the measurement accuracy, this measurement process needs to 
be repeated for different antenna positions or vertical (V-) 
stirrer positions [12-14]. 
 
 
Fig. 1.  A schematic plot of TSCS measurement setup in an RC. 
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                      (a)                                                       (b) 
Fig. 2.  (a) TSCS measurement procedure for the H-stirrer, (b) measurement 
scenario setup in an RC. The RC dimensions are 1.2 m (length) × 0.8 m (width) 
× 1.2 m (height), the H-stirrer has a length of 66 cm and a diameter of 20 cm, 
the V-stirrer has a height of 115 cm and a diameter of 40 cm. The lowest usable 
frequency is about 1 GHz. 
 
Mathematically, suppose ݏ(ݐ) is the measured time domain 
response for one stirrer position between Ant 1 and Ant 2. ݏ(ݐ) 
can be obtained from an oscilloscope directly [17] or from the 
inverse Fourier transform (IFT) of the measured ܵଶଵ by using 
ݏ(ݐ) = IFT(ܵଶଵ). The PDP can be measured using [9, 10] 
 
PDP(ݐ) = 〈[ݏ(ݐ)]ଶ〉௅																														(1) 
 
where 〈⋅〉௅  means the average for L scenarios with different 
stirrer or antenna positions. Because the PDP decays 
exponentially and the decay speed is determined by the 
chamber Q factor or chamber decay time ߬ோ஼, (1) is normally 
used to extract the Q factor [5]. To measure the TSCS, we need 
to obtain ܥ(ݐ) which is defined as the ratio of the unstirred 
power envelop to the PDP [12-14] 
 
ܥ(ݐ) = 〈〈ݏ(ݐ)〉ே
ଶ 〉ெ
PDP(ݐ) =
〈〈ݏ(ݐ)〉ேଶ 〉ெ
〈[ݏ(ݐ)]ଶ〉ே×ெ 																		(2) 
 
where N is the H-stirrer position number and M is the V-stirrer 
position number and antenna position number in Fig. 2(a), 〈⋅〉ே 
means the average for N H-stirrer positions when the V-stirrer 
is standstill, 〈⋅〉ெ means the average for M V-stirrer and antenna 
positions, and 〈⋅〉ே×ெ  means the PDP is obtained using the 
average over ܮ = ܰ ×ܯ measurement scenarios. It has been 
given that ܥ(ݐ) decays exponentially with a speed determined 
by the scattering damping time ߬௦ [12-16] 
 
ܥ(ݐ) = ݁ି௧/ఛೞ																																								(3) 
 
and the TSCS can be obtained from ߬௦ using [12-16] 
 
TSCS = ܸ߬௦ܿ଴ 																																								(4)	
 
where ܸ is the volume of the RC and ܿ଴ = 3 × 10଼	݉/ݏ is the 
speed of light in free space. 
To measure the equivalent TSCS of the H-stirrer, ܰ = 360 
and ܯ = 50 (10 V-stirrer positions and 5 antenna positions) 
were used, ܵଶଵ  with 1601 frequency sample points were 
measured in the frequency range of 2.8 GHz – 3.0 GHz. The 
time domain response was obtained by applying the IFT to the 
measured ܵଶଵ. The measured numerator and denominator (PDP) 
of (2) are shown in Fig. 3(a), and the measured ܥ(ݐ)  is 
illustrated in Fig. 3(b). It can be observed that the noise level of 
PDP is about 40 dB lower than the peak value, but the noise 
level of ܥ(ݐ)	in Fig. 3(b) is only about -15 dB lower than the 
peak value. Since we need to extract the chamber decay time 
߬ோ஼  from the decay of the PDP, and extract the scattering 
damping time ߬௦ from the decay of ܥ(ݐ) [12-16], a lower noise 
level means the extracted result has a higher accuracy. It is 
interesting to note that the noise level of ܥ(ݐ) is much higher 
than that of the PDP, and this effect can also be found in the 
previous TSCS measurements [15, 16], but no discussion has 
been given yet. 
To have a good understanding of this high noise level in ܥ(ݐ) 
measurements, we apply an analytical approach to quantify it in 
the next section. 
 
 
 (a) 
 
        (b) 
Fig. 3.  (a) The measured PDP and the numerator of ܥ(ݐ) (〈〈ݏ(ݐ)〉ேଶ 〉ெ), (b) the 
measured ܥ(ݐ) for the H-stirrer. 
III. ANALYTICAL MODELING 
It has been found that the time domain response of the RC 
ݏ(ݐ)  can be modeled by using a nonstationary stochastic 
process [15], and the probability distribution function (PDF) 
can be expressed as [15] 
 
PDF[ݏ(ݐ)] = 1ߪ√2ߨ ݁
ି ௫
మ
ଶఙమ																						(5) 
 
which is a normal distribution where ݔ  is the variable for 
PDF[ݔ], ߪ is the standard deviation and varies with time. To 
investigate the noise level of ܥ(ݐ) in (2), we first analyze the 
numerator of ܥ(ݐ). 
From (5), suppose the independent sample number is N, we 
can obtain the PDF of 〈ݏ(ݐ)〉ே as 
 
PDF[〈ݏ(ݐ)〉ே] = √
ܰ
ߪ√2ߨ ݁
ିே௫
మ
ଶఙమ 																						(6) 
 
which is still a normal distribution, and the PDF of 〈ݏ(ݐ)〉ேଶ  can 
be further obtained as 
 
PDF[〈ݏ(ݐ)〉ேଶ ] = √
ܰ
ߪ√2ߨ ݁
ିே௫ଶఙమ																						(7) 
 
We can find that the PDF of 〈〈ݏ(ݐ)〉ேଶ 〉ெ is a gamma distribution 
 
PDF[〈〈ݏ(ݐ)〉ேଶ 〉ெ] =
ݔெ/ଶିଵ(ܯܰ)ெ/ଶ
2ெ/ଶΓ(ܯ/2)ߪெ ݁
ିெே௫ଶఙమ 											(8) 
 
where Γ(∙) is the Gamma function Γ(ݔ) = ׬ ݒ௫ିଵ݁ି௩݀ݒஶ଴ . The 
mean value and the standard deviation of (8) can be derived as 
 
Mean[〈〈ݏ(ݐ)〉ேଶ 〉ெ] =
ߪଶ
ܰ 																											(9) 
Std[〈〈ݏ(ݐ)〉ேଶ 〉ெ] =
ߪଶ√2
ܰ√ܯ																					(10) 
 
Similar to the derivation process from (5) to (10), we can 
obtain the PDF of the denominator (PDP) in (2) which is also a 
gamma distribution 
 
PDF[PDP(ݐ)] = ݔ
௅/ଶିଵܮ௅/ଶ
2௅/ଶΓ(ܮ/2)ߪ௅ ݁
ି ௅௫ଶఙమ											(11) 
 
the mean value and the standard deviations are ߪଶ and ߪଶඥ2/ܮ. 
For the PDP measurements, ܮ  is normally large and the 
standard deviation of the PDP can be very small. This can be 
observed in Fig. 3(a), nearly no statistical fluctuation is 
observed for the PDP as we used ܰ ×ܯ = 18000 sets of ݏ(ݐ) 
to obtain the PDP. Finally, the PDF of ܥ(ݐ) can be derived 
from (8) and (11) as 
 
PDF[ܥ(ݐ)] = Γ(ܮ/2 +ܯ/2)ܮ
௅/ଶ(ܯܰ)ெ/ଶݔெ/ଶିଵ
Γ(ܮ/2)Γ(ܯ/2)(ܯܰݔ + ܮ)ெ/ଶା௅/ଶ 					(12) 
 
The mean value and the standard deviation are 
 
Mean[ܥ(ݐ)] = ܮܰ(ܮ − 2)																											(13) 
Std[ܥ(ݐ)] = ܮ√2ܰ(ܮ − 2)√ܯ
ඨܯ + ܮ − 2ܮ − 4 																					(14) 
 
It can be found that when ܮ → ∞, (12) – (14) degenerates to  (8) 
– (10) for ߪ = 1, respectively. Since the statistical behavior of 
ܥ(ݐ)  has been obtained, we can compare the theoretical 
predictions and the measurement results. 
 
 
Fig. 4.  Measured normalized average angular correlations for the H-stirrer and 
V-stirrer, a threshold of 1/݁ ≈ 0.3679 is used to obtain the correlated angle [1]. 
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        (b) 
Fig. 5.  (a) The measured ܥ(ݐ) for the H-stirrer equivalent TSCS measurement; 
(b) the measured ܥ(ݐ) for the V-stirrer equivalent TSCS measurement. The 
theoretical values are plotted in straight constant lines; 
 
The first thing needs to do is to determine the independent 
sample number N. Note that the measured sample number does 
not mean the independent sample number. From the angular 
correlation ܴ defined in [1] 
 
 ܴ(߲ߠ) ≡ ׬ [ ௥ܲ(ߠ) − ௥ܲ(ߠ)തതതതതതത][ ௥ܲ(ߠ + ߲ߠ) − ௥ܲ(ߠ)തതതതതതത]݀ߠଷ଺଴ିଷ଺଴ 	(15)  
 
where ߲ߠ is the deviation of the rotation angle, ௥ܲ = |ܵଶଵ|ଶ is 
the receiving power for each rotation angle ߠ of the H-stirrer, 
and ௥ܲ(ߠ)തതതതതതത means the mean value of ௥ܲ  over a 360º rotation. 
The angular correlation can be averaged over frequencies and 
antenna positions to give an averaged (smoothed) result. From 
the measured S-parameters, the normalized average angular 
correlation 〈ܴ௡௢௥௠(߲ߠ)〉 for the H-stirrer can be obtained and 
is plotted in Fig. 4. We have also repeated the TSCS 
measurement process for the V-stirrer, and 〈ܴ௡௢௥௠(߲ߠ)〉 for 
the V-stirrer is also presented. It can be seen from Fig. 4 that the 
correlated angle are 6.514º and 2.375º for the H-stirrer and the 
V-stirrer respectively. Thus the independent sample numbers 
for the H-stirrer and V-stirrer are ܰ =360º/6.514º≈55 and 
360º/2.375º≈152 respectively. 
 
 
    (a) 
 
        (b) 
Fig. 6.  (a) The measured and the theoretical CDFs of the noise in H-stirrer 
equivalent TSCS measurement N=55; (b) The measured and the theoretical 
CDFs of the noise in V-stirrer equivalent TSCS measurement N=152; 
 
 
(a) 
 
(b) 
Fig. 7.  (a) Theoretical CDFs of the noise in H-stirrer equivalent TSCS 
measurement N=55; (b) Theoretical CDFs of the noise in V-stirrer equivalent 
TSCS measurement N=152; 
 
From (13) and (14), when ܰ = 55, ܯ = 50 and ܮ → ∞, the 
mean value and the standard deviation for the noise level in 
H-stirrer measurement can be calculated. The theoretical value 
and the measured noise level are compared in Fig. 5(a). 
Similarly, the noise level in V-stirrer measurement and the 
theoretical value are shown in Fig. 5(b). As can be seen, very 
good agreements have been obtained in both H- and V-stirrer 
measurement. The theoretical cumulative distribution function 
(CDF) of the noise can also be obtained using the numerical 
integral of the PDF in (12) for different M values. The 
measured CDF and the theoretical CDF for different M values 
are illustrated in Fig. 6. Not surprisingly, very good agreements 
have been obtained for both H- and V-stirrer measurement.  
We have also checked the CDFs in Fig. 7 when a finite ܮ is 
used. ܮ for the H-stirrer and V-stirrer can be obtained from the 
standard deviation of the PDP in (11). Although 18000 sets of 
ݏ(ݐ) are used, the independent sample number ܮ are 2835 and 
7542 for H- and V-stirrers respectively. As expected, for such 
large ܮ, no significant difference is observed. These can also be 
confirmed by comparing the mean value and standard deviation 
in (9), (10) with (13), (14). 
IV. DISCUSSION AND CONCLUSIONS 
The noise level in the TSCS measurement affects the 
measurement accuracy of the TSCS. A low noise level means a 
longer time domain response can be used to extract the 
scattering damping time (߬௦), thus a more accurate TSCS can be 
obtained. Previous measurements show that this noise level 
could be different for different measurement scenarios and no 
investigation has been given. This study presents an analytical 
approach to this problem. Analytical derivations show that the 
mean value of the ܥ(ݐ)  noise is 1/ܰ , and the standard 
deviation is ඥ2 ܯ⁄ /ܰ. The PDF and CDF of the noise have 
been obtained and compared with measurement results. Good 
agreements have been obtained. 
This study can provide guidelines in TSCS measurement: 
1) The required independent sample number can be predicted 
using the analytical equation. When the TSCS is large, ܥ(ݐ) 
decays quickly and a lower noise level is required. Similarly, 
the standard deviation of the noise level can also be 
predicted. 
2) A suitable RC volume is necessary. When the volume of the 
RC is too large, the independent sample number will reduce 
which will result in a high noise level. When the volume of 
the RC is too small, although the noise level is low, ܥ(ݐ) 
could decay so quickly that not enough time domain 
response can be used to extract ߬௦. A trade-off exists but can 
be quantified using the analytical equations. 
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